Introduction {#s1}
============

Walking in humans and animals is considered one of the most practiced motor skills and is characterized by repetitive limb movements associated with highly structured patterns of muscle activity \[[@r7]\]. Motor function is the result of muscle contractions that generate interaction forces throughout the skeletal system and the neuronal circuits that control these muscles \[[@r23], [@r38]\]. In locomotion studies, kinematic, kinetic, and electromyography (EMG) analyses are fundamental for characterizing gait patterns and have provided important information on the neuromusculoskeletal system \[[@r18], [@r43]\] in mice \[[@r21]\], cats \[[@r26]\], nonhuman primates \[[@r30], [@r31], [@r46], [@r47]\], and humans \[[@r2], [@r11]\].

Previous studies have examined kinematic and EMG parameters under different conditions to gain insight into the neural organization of locomotion. Numerous studies have shown changes in kinematic and EMG parameters with speed \[[@r20], [@r35]\]. In studies of human walking, as speed increased, the cycle duration was reduced, which is primarily accomplished by a reduction in the stance duration \[[@r19]\]. The percentage of center of pressure progression decreases in mid-stance and increases in the terminal and pre-swing stances \[[@r3]\], and the average EMG profiles vary predictably \[[@r15]\]. Similar findings have been found in animal studies. Frigon *et al.* \[[@r13]\] found that phase variations are modulated by speed, which appears to influence the consistency of interlimb coordination during quadrupedal locomotion in healthy adult cats. In studying quadrupedal locomotion of rhesus monkeys, the recruitment patterns of distal muscles in the hindlimb undergo adaptive changes with different speeds \[[@r1]\]. Several studies have investigated motor patterns upon changing external conditions. For instance, Courtine *et al.* \[[@r4], [@r5]\] compared straight with curved human walking trajectories to gain insight into the mechanisms underlying the control of asymmetric movements. Luu *et al.* \[[@r25]\] found that visual feedback can act as a dominant form of feedback in gait modulation by visual distortion during locomotion. All of these investigations considered gait modulation under particular conditions. However, few studies have investigated the relationships between measured output variables, such as the kinematic and kinetic features, and input variables, such as EMG activity. Furthermore, most studies used implanted electrodes for EMG recording \[[@r5], [@r7], [@r13]\], which can increase the risk of infection. These relationships are difficult to determine for the following reasons: first, one muscle may affect the kinematics of all segments due to the coordination among body segments, and second, one joint can be controlled by multiple muscles due to coupling between muscles \[[@r43]\].

In this study, we used surface electrodes for EMG recording, described the kinematic and EMG characteristics of gait over a range of treadmill speeds in bipedal stepping monkeys, and analyzed the correlation between EMG and kinematic parameters. The aims of this study were 1) to apply a noninvasive method for investigation of causal associations between hindlimb segments and muscles and 2) to clarify whether they are correlated with speed. We hypothesized that individuals have fixed motor control strategies that remain constant at different speeds. The results explain the relationships between most EMG and kinematic parameters and reveal that most of the parameters have no linear correlation with speed. These findings may be critical for gaining further insight into the mechanisms of neuromusculoskeletal control in primates, including humans, and may contribute to the development of rehabilitation treatments to enhance recovery following neurological diseases.

Materials and Methods {#s2}
=====================

Preparation
-----------

Four adult female rhesus monkeys (*Macaca mulatta*) (age, 5.5 ± 0.4 years; weight, 5.45 ± 0.36 kg) were housed individually in single stainless-steel cages (72 × 61 × 87 cm) at 22--25°C. All procedures that were performed involving animals were conducted in accordance with the ethical standards of the Animal Ethics Committee of Capital Medical University. The monkeys underwent treadmill training with a previously reported training and fixing method one week before data recording \[[@r36]\]. The treadmill speeds were 0.2, 0.8, 1.4, and 2.0 km/h.

Data collection
---------------

Kinematics: The kinematics of hindlimb stepping was captured by a six-camera VICON motion system (VICON Motion System Ltd., Oxford, UK ; sampling at 100 Hz). A total of 16 reflective markers (14 mm in diameter) were attached bilaterally to the shaved skin at the anterior superior iliac spine, the posterior superior iliac spine, the distal two thirds of the femur, the knee, the ankle, the heel, and the second metatarsophalangeal (MTP) joint. Using a standard protocol, the locomotion of four monkeys was assessed during steady-state locomotion (at least 10 contiguous steps) at treadmill speeds ranging from 0.2 to 2.3 km/h. Data acquisition has been previously detailed \[[@r36]\].

EMG: Muscle activity was recorded bilaterally for the hindlimb quadriceps muscle group (rectus femoris, RF), the triceps surae (medial gastrocnemius, MG), and the tibialis anterior (TA). Before each locomotor session, the skin was shaved and cleaned with alcohol. Two surface electrodes were placed parallel to the longitudinal axis of the muscle at approximately mid-distance from the two tendinous insertions. EMG signals were amplified by a gain factor of 500 (Myosystem 1400A, Noraxon USA , Inc., Scottsdale, AZ, USA) and collected at a sampling rate of 1,000 Hz.

Data processing
---------------

Kinematics: One gait cycle was defined as the time interval between two successive toe-off movements of the right limb. We calculated the cycle duration, the stance duration (paw-contact time), the swing duration (paw in the air), and the duty factor (stance duration/cycle duration) of each gait cycle. The joint angles of the hip, knee, and ankle were calculated based on the coordinate position of each marker. The methods used to calculate gait parameters were previously described \[[@r37]\].

EMG: Raw EMG data were processed with MATLAB (MathWorks, Natick, MA, USA), numerically bandpass filtered (30 to 500 Hz), and full-wave rectified.

The TA cycle duration was defined as the time between the onset points of successive bursts of EMG activity in the TA muscle. The onset of an EMG burst was calculated as the time when the EMG activity remained above the threshold (the mean activity plus 1.5 standard deviations (SD) recorded during a period of 500 ms) when the muscle was least active \[[@r7]\]. We applied a moving average (40-ms width) to the EMG signal to reduce the effects of signal oscillation \[[@r7]\]. The burst duration and the duty factor of each muscle were also calculated. The EMG burst duration was defined as the mean time between the onset and end of several single bursts. We calculated the mean EMG amplitude as the integral of the amplitudes of the rectified EMG envelope divided by the burst duration \[[@r33]\]. The EMG amplitude of each burst was normalized to the mean burst amplitude of the same muscle when walking at 0.2 km/s.

Considering the sharp burst of TA muscle discharge and the time point of TA onset (the TA burst at the end of stance or the beginning of swing), we took the right TA as a reference to measure the onset of bursts in different muscles. We evaluated EMG coupling between the consecutive onsets of muscles, measured as the time between the onsets of activity in successive muscles. The phase relation between two muscles was defined as the time between the consecutive onsets of muscles divided by the TA cycle duration \[[@r7]\].

The percentage of total muscle activity when muscle groups were simultaneously activated was defined as the muscle coactivation index (MCI), which was calculated as follows:MCI = 2 × (EMG~muscleA~ & EMG~muscleB~) / (EMG~muscleA~ + EMG~muscleB~) × 100%,where EMG~muscleA~ and EMG~muscleB~ represent the normalized envelopes of muscle EMG. The common EMG~muscleA~&EMG~muscleB~ is the area under the curves that is shared by muscle A and muscle B during an average stride \[[@r24]\]. The MCI reflects the overall coactivation level of the two muscles \[[@r41]\].

Statistical analysis
--------------------

A total of 320 steps were statistically analyzed in this study (20 gait cycles×4 speeds×4 monkeys). Pearson correlation analysis was performed between gait and EMG parameters. Spearman correlation analysis was performed between speed and all the correlation coefficients between the gait and the EMG parameters. The statistical analysis was conducted with IBM SPSS Statistics version 19.0 (SPSS Inc., IBM Corp., Armonk, NY, USA), and all quantitative data were expressed as means ± SD. *P*\<0.05 was considered statistically significant.

Results {#s3}
=======

Walking pattern and the effect of speed
---------------------------------------

[Figure 1](#fig_001){ref-type="fig"}Fig. 1.Locomotor patterns of a representative monkey at different treadmill speeds. (A) Typical stick diagrams of the successive hindlimb positions of a monkey during the swing phase for treadmill speeds ranging from 0.2 to 2.0 km/h. (B, C) Time course of hindlimb joint angles (B) and the integrated EMG activity of the selected hindlimb muscles (C) depicting changes during the gait cycle. The mean waveforms recorded during each complete gait cycle (n=20) at each treadmill speed. deg, degree; a.u., arbitrary units; MG, medial gastrocnemius; TA, tibialis anterior; RF, rectus femoris. shows the graded adjustment of the hindlimb with increasing speed during rhesus bipedal walking. The stick diagrams ([Fig. 1A](#fig_001){ref-type="fig"}) show the successive hindlimb positions during the swing phases reconstructed from a representative step cycle at each speed. The range of angles increased as the speed was increased for all three hindlimb joints ([Fig. 1B](#fig_001){ref-type="fig"}). The joint angles exhibited later maximal joint extension, and minimal flexion paralleled the decrease in the duty factor ([Fig. 1B](#fig_001){ref-type="fig"}). The average EMG activity recorded from the hindlimb muscles is plotted versus the normalized gait cycle duration at each treadmill speed in [Fig. 1C.](#fig_001){ref-type="fig"} The pattern of hindlimb muscle activity typically showed alternate activation of extensor and flexor muscles during the stance and swing phases of gait.

Correlation between locomotion kinematics and muscle activity
-------------------------------------------------------------

[Figure 2](#fig_002){ref-type="fig"}Fig. 2.Correlation between gait and EMG parameters. (A) Correlation matrix showing robust correlations between kinematic and EMG parameters. Color-coded representation of the *r* values of the correlation between kinematic parameters and EMG parameters. (B) Matrix of the *P* values of the linear correlations between the kinematic and EMG parameters (*P*\<0.05, color squares). TA, tibialis anterior; MG, medial gastrocnemius; RF, rectus femoris; MCI, muscle coactivation index. displays the relationship between the representative kinematic and EMG parameters of the hindlimb. The correlation coefficients and *P* values are listed in [Supplementary Table S1 and Supplementary Table S2](#pdf_001){ref-type="supplementary-material"}, respectively (available online). A total of 408 correlation coefficients were calculated in this study (17 kinematic parameters × 24 EMG parameters). Three-fourths of these variables (292/408) showed a significant linear correlation, which revealed close relationships between EMG activity and kinematic parameters ([Fig. 2](#fig_002){ref-type="fig"}). A significant linear correlation was found between muscle activity, such as burst amplitudes and the integral of muscle activity, and the corresponding kinematic parameters of each joint, such as the amplitude of the joint and the maximum (extension) and minimum (flexion) of the joint. The burst duration of the MG and RF muscles showed significant correlations with stance duration (MG_time vs Stance duration, *r*=0.940, *P*=0.000; RF_time vs Stance duration, *r*=0.931, *P*=0.000). The burst amplitude and integral of the RF muscle showed linear correlations with the kinematic parameters of the hip and the knee (i.e., RF_amp vs Hip_flexion, *r*=−0.758, *P*=0.000; RF_int vs Knee_amplitude, *r*=−0.367, *P*=0.000). For the extensor and flexor muscles of the ankle (the MG and TA), the correlation with the kinematic parameters was significant (i.e., MG_amp vs Ankle_extension, *r*=0.773, *P*=0.000; TA_int vs r_hip-knee, *r*=−0.499, *P*=0.000). For the unilateral hindlimb muscles, [Fig. 2](#fig_002){ref-type="fig"} also shows the linear correlations between the MIC and the kinematic parameters of all three hindlimb joints (i.e., MIC~MG-RF~ vs Hip_flexion, *r*=−0.381, *P*=0.000; MIC~MG-TA~ vs Knee_amplitude, *r*=−0.558, *P*=0.000). For the homologous hindlimb muscles, the MIC showed linear correlations with stance duration (MIC~MG~ vs Stance_duration, *r*=0.665, *P*=0.000; MIC~TA~, Stance_duration, *r*=0.690, *P*=0.000).

A few EMG parameters had no significant linear correlation with the kinematic parameters of gait. For example, the burst duration of the TA muscle had no relationship with almost all kinematic parameters (i.e., TA_time vs Step_length, *r*=−0.057, *P*=0.312). A similar finding was observed for the burst order of the MG and the RF, which had weak or no correlation with the kinematic parameters (i.e., MG_order vs Step_height, *r*=0.082, *P*=0.142; RF_order vs Ankle_extension, *r*=0.037, *P*=0.511). The coupling between homologous hindlimb muscles also showed a weak correlation with the kinematic parameters (i.e., MGs_order vs Step_height, *r*=0.082, *P*=0.142).

The effect of speed on the relationships between EMG and kinematic parameters
-----------------------------------------------------------------------------

We investigated the relationships between the EMG and kinematic variables across a wide range of speeds. [Figure 3A](#fig_003){ref-type="fig"}Fig. 3.Correlation between the speed and the r values of the correlation between kinematic and EMG parameters at each speed. (A) Matrix of the linear correlations between the speed and the r values of the correlation between kinematic and EMG parameters at each speed. The bar represents the correlation coefficients of the correlation between speeds and the r values of the correlation between kinematic parameters and EMG parameters. \**P*\<0.05. (B) Linear regression plots demonstrating the correlation between speeds and the correlation coefficients between the kinematic parameters and EMG parameters. Dots represent individual values (n=4 monkeys). Abbreviations are the same as [Fig. 2](#fig_002){ref-type="fig"}. shows that almost all of the relationships had no linear correlation with speed (91.7% of all variables), which revealed the speed-independent relationship between muscle activity and hindlimb segments. The correlation coefficients and *P* values are listed in [Supplementary Table S3 and Supplementary Table S4](#pdf_001){ref-type="supplementary-material"}, respectively (available online). We selected representative relationships between these EMG and kinematic parameters. For example, r~Ank_amp-TA_amp~ (correlation coefficients of the relationship between the amplitude of the ankle and the burst amplitude of the TA muscle) and r~Stance_duration-RF_order~ had constant relationships across different speeds ([Fig. 3B](#fig_003){ref-type="fig"}). However, some of these musculoskeletal relationships still exhibited a speed-dependent control pattern (8.3% of all variables) ([Fig. 3A](#fig_003){ref-type="fig"}). As speed increased, r~Ank_amp-MG_amp~ and r~Hip_amp-RF_amp~ significantly increased and decreased, respectively ([Fig. 3B](#fig_003){ref-type="fig"}).

Discussion {#s4}
==========

In the present study, we analyzed gait parameters and associated patterns of hindlimb muscle activity during bipedal treadmill locomotion over a range of speeds in rhesus monkeys and revealed common kinematic and EMG envelope features across strides. We performed a correlation analysis of kinematic and EMG parameters to show the particular relationships between muscles and hindlimb segments. Most of these relationships had no linear correlation with speed, revealing the speed-independent control pattern of gait and specific features of neuromuscular activity control strategies.

Kinematic parameters and muscle activity change at different speeds
-------------------------------------------------------------------

Various previous studies have considered the effect of speed on gait patterns, especially in humans \[[@r1]\]. Our results showed that almost every aspect of gait appears to be sensitive to walking speed (spatiotemporal parameters, kinematics, and EMG). Similar observations have been reported in other studies \[[@r13], [@r35]\]. As speed increases, shorter relative stance durations cause fewer stance-related sensory inputs of limb loading and stretching, which shrinks the burst duration of extensor muscles (the MG and RF) \[[@r9]\]. In addition, the swing phase occupies a greater proportion of the cycle, and swing-related sensory feedback has more time to influence the gait phase, which leads to the later maximal joint extension ([Fig. 1B](#fig_001){ref-type="fig"}) \[[@r12]\].

Relationship between hindlimb segments and muscles
--------------------------------------------------

The central pattern generator (CPG) is usually used to indicate a functional network responsible for generating a rhythm and generates the shape of the pattern of motor bursts of motoneurons for walking, which is a rhythmic movement \[[@r6]\]. The neural network directly controls the muscle activities of hindlimbs to give rise to locomotion. In the current study, we selected representative hindlimb muscles and kinematic parameters related to the hip, knee, and ankle for inclusion in the correlation analysis to show the close relationships between muscle activities and kinematics of the limb ([Fig. 2](#fig_002){ref-type="fig"}). The linear correlation between one muscle and the kinematics of several joints showed that the muscles and the joints do not have a one-to-one correspondence. During walking, individual muscles not only affect the attached joint but also the functions of other muscles. Indeed, each muscle and joint torque can have an influence on the angle and acceleration of other limb segments that the muscle does not directly act on. Due to the dynamic coupling of limb segments, these influences are essential for the interconnected musculoskeletal system \[[@r34]\].

However, many EMG parameters had no significant linear correlation with the kinematic parameters of gait. For example, the coupling between homologous hindlimb muscles showed a weak correlation with the kinematic parameters. Plotnik *et al.* \[[@r28]\] found that gait asymmetry was preserved at different speeds, suggesting that left-right antiphase stepping was constant in normal walking. The noncorrelation between several variables may be due to the mechanisms of the planar law and the planar constraint of intersegmental coordination, which reduces the number of effective degrees of freedom requiring control during bipedal walking \[[@r10], [@r27]\]. Limb movements are remarkably simple in contrast to the patterns of muscle activity, which depend not only on muscle activities but also on gravity and dynamic interaction torques \[[@r17]\]. These factors may influence the musculoskeletal pattern and lead to the noncorrelation between muscle activities and kinematics. A previous study found that while the activation patterns of individual muscles can vary dramatically at various speeds, limb kinematics displayed only limited changes \[[@r17]\].

Speed-independent neuromuscular control pattern
-----------------------------------------------

During bipedal walking, each hindlimb contains over 50 muscles that are coordinated. Each muscle has a constant activity pattern in the gait cycle \[[@r39]\]. In practical situations, many muscles share similar activity patterns \[[@r42]\]. Ivanenko *et al.* \[[@r18]\] identified five basic underlying component waveforms, which account for approximately 90% of the total variance across different muscles during normal walking. The nervous system simplifies muscle control through modularity, using neural patterns to activate muscles \[[@r42]\]. These basic patterns were conserved across subjects with different anthropometrical characteristics (i.e., weight, height, and mass) and locomotion under different speeds, directions of movement, and gravitational loads \[[@r14], [@r21], [@r45]\]. Our study found that the correlation coefficients between kinematic and EMG parameters were basically independent of speed (approximately 91.7% of all variables) ([Fig. 3A](#fig_003){ref-type="fig"}), possibly because the kinematics vary by approximately the same magnitude as the EMG pattern varies with speed. This result implies a constant musculoskeletal relationship across a wide range of speeds, which is consistent with the previous studies mentioned above. Thus, we suggest that a basic musculoskeletal pattern can simplify locomotor control such that the central nervous system (CNS) can regulate movements with fewer changes in the neural strategy for adjusting speed.

Speed-dependent neuromuscular control pattern
---------------------------------------------

However, a small number of these musculoskeletal relationships still exhibit speed-dependent control patterns (only 8.3% of all variables) ([Fig. 3A](#fig_003){ref-type="fig"}), which may result from walking mechanics at different speeds. When walking slowly, the center of mass remains within the polygon of support formed by the legs on the ground, which is called static stability. As speed increases, the summation of ground reaction force, momentum, and inertia ensure mechanical stability \[[@r21]\]. Energy conversion depends more on the elastic storage in muscles and tendons for progression, which may be one reason behind the changing musculoskeletal relationships with speed. For instance, as speed increased, the correlation coefficients of the relationship between the burst integral of the MG and the amplitude of the ankle increased. In the terminal stance, the fast extensor muscles (the MG) were more heavily recruited at faster speeds to slow the fall of the center of mass in the late stance \[[@r16], [@r32], [@r33]\]. This increased correlation may contribute to effective speed regulation.

Potential application
---------------------

Gait analysis is widely used in clinical research, such as neuromuscular assessments and functional assessments for rehabilitation treatment \[[@r29], [@r40]\]. Abnormal gait is defined through a comparison of gait patterns and muscle activity between healthy individuals and patients with orthopedic or neurologic pathologies \[[@r8], [@r22]\]. Clarifying the relationship between EMG activity and kinematic parameters could promote our understanding of musculoskeletal mechanics and the causal relationships between neuromusculoskeletal pathology and abnormal gait in neurological diseases, which have implications in surgical and rehabilitation therapies \[[@r44]\]. In addition, for patients in whom all the data cannot be measured, we can also predict changes in unmeasurable data from all available measured data to provide better treatments.

Limitations
-----------

The limitations of this study are as follows. First, due to the use of surface EMG recordings, we could only obtain activity from several superficial muscles. Relating all the details of the kinematics to muscle activity patterns in a rigorous fashion was not possible. Second, to simplify the causal associations between hindlimb segments and muscles, we only performed a linear correlation analysis of kinematic and EMG parameters across a wide range of speeds. Nonlinear patterns were not investigated in this study. Therefore, implanted electrodes for EMG recording will be adopted in the future to analyze nonlinear patterns and to further evaluate the underlying mechanics of motor control.

Conclusion
----------

In conclusion, this study demonstrated a causal associations between kinematic and EMG patterns of rhesus locomotion. Individuals have particular musculoskeletal control patterns, and most of relationships between hindlimb segments and muscles are speed independent. The current findings enhance our understanding of neuromusculoskeletal control strategies and may contribute to improving outcome evaluations and providing advanced treatments for recovery following neurologic disease.
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